We present an analytical model for hole burning in a random collection of microparticles, based on singleparticle properties. The model indicates that the linewidth of the central hole is approximately Lorentzian in shape and is controlled by the photon lifetimes in individual particles. Our conclusion is consistent with experiments on a two-dimensional layer of connected microparticles. Electrodynamic calculations for a pair of particles in contact provide an explanation for the apparent lack of importance of interparticle interactions in the experiments and suggest conditions under which the effects of such interactions should appear.
INTRODUCTION
Recently Arnold et al. ' showed that one can perform roomtemperature hole burning in a two-dimensional distribution of spherical dielectric particles on a glass surface. In this system, known as a microparticle hole-burning medium, the differences in the frequencies of morphologydependent resonances with size enable one to generate a fluorescence excitation spectrum that is inhomogeneous. The interpretation for the experimental results was based on disregarding the interactions between particles, even though each particle in the distribution touched at least one of its neighbors. In effect our interpretation assumed local photon confinement. In what follows we briefly review some relevant aspects of morphologydependent resonances, develop an analytical model based on the original assumptions, and compare the results of this model with experimental data. The results show that the experimental hole widths are due to the photon lifetimes within isolated particles as limited by absorption. Detailed electromagnetic calculations for pairs of particles support this view.
Morphology-dependent resonances are associated with photon confinement by a particle's dielectric potential. In fact one can transform the usual electromagnetic vector wave equation into a Schr6dinger equation that reveals modal functions that are analogous to wave functions of electrons in an atom. However, unlike states in a conventional atom, the modes of a photonic atom are virtual, with the photon lifetime limited by leakage out of the particle. 2 The leakage can be extremely slow. Recent measurements reveal Q's approaching 107; the particle's electromagnetic field rings for -107 oscillations. 3 ' 4 Furthermore, the theoretical analysis shows that each resonance occurs at a constant value of ka, where k is the magnitude of the wave vector in vacuum and a is the particle radius. Thus a collection of particles having a distribution of sizes of width Oa when irradiated near a given resonance should display an inhomogeneous width ih c0a(k)/(a), where (k) is the average wave vector of the radiation and (a) is the average particle size. From the standpoint of hole burning the advantages of using a collection of particles as a hole-burning memory are these: a. The homogeneous linewidth associated with leakage, 
MODEL
If we consider each particle to fluoresce independently, then the total fluorescence will be proportional to the absorbed energy. With the energy density within a particle at radius r given by u(ka, r), the absorbed energy and the fluorescence from all the particles is proportional to
where s indicates integration over the volume of a sphere of radius a, the particle size-distribution function
, and we have assumed that the cross section for absorption and the molecular density are constants. The effect of bleaching molecules within a particle at wave vector k adds another exponen-tial factor exp[-,3u(kwa, r)] to the volume integral, where /3 is a parameter that is proportional to the quantum efficiency for the bleaching process and time. The new spectrum becomes
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The difference between Eqs. (1) and (2) is a model for the shape of the hole spectrum:
For a small argument of the exponential in Eq. (3) (i.e., for low absorbed energy) this function may be expanded to first order, and the resulting spectrum becomes
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The integral over volume in relation (4) (5) One can easily convert the integral over the two Lorentzians in relation (5) into a convolution by making a smallhole-width approximation, I(k -kw)/k I<< 1. Under this
2 kw 4 , and the hole spectrum
is a Lorentzian centered at kw; its amplitude is controlled by the overlap integral of the spatial function, the number of particles of size X/kw, and its width is 2(r/X)k or 2k./Q. Relation (6) reveals that, if a system of particles is noninteracting, then the hole width provides a direct measurement of the local photon lifetime, = Q/kc. Consequently a comparison between the measured linewidth and the calculated linewidth based on isolated particles furnishes a means for estimating the extent of interparticle coupling.
The energy density function L(ka -X, r)f(r) in one dimension looks like that of a string of length a near a particular resonance; f(r) of such a device is sinusoidal, and there can be many values of X; Xn = n. The optical equivalent of such a kernel is a Fabry-Perot resonator. Small high-Q Fabry-Perot resonators are not produced naturally; however, spherical particles not only are produced naturally with the aid of surface tension (e.g., aerosol particles, raindrops, particles in milk, and glass beads from volcanos) but also have resonances with considerably higher Q's. In what follows we attempt to show that small spherical particles have a nearly perfect energy density function.
For a spherical particle of complex index of refraction m = mr + imi, irradiated with a plane wave propagating along the z axis and having an electric-field amplitude E 0 along the x axis, the internal energy density may be obtained from the internal electrodynamic field E(ka, r) through Mie theory': (7) where Mn and Nn are vector spherical harmonics corresponding to TE-and TM-polarized modes of angular momentum n, respectively, and cn and dn are coefficients obtained by solving the electromagnetic boundary value problem. Although we have not designated the azimuthal symmetry of the vector spherical harmonics, for the incident polarization chosen Mn and Nn are odd and even, respectively, with respect to the azimuthal angle.
The principal frequency dependence in relation (6) comes through the cn and dn coefficients. 5 These coefficients demonstrate resonant poles at which the fields at specific locations within the particle can rise by orders of magnitude over the incident field. The values of optical size, ka Re(x), at which this occurs can be found by examining the form of the coefficients: (8) where 4in and 6n are Riccati-Bessel functions. Resonant poles occur in Eqs. (8) , where complex denominators go to zero. For a given particle of radius a and angular momentum n resonances can occur at a number of different values of x. 6 These separate resonances are specified by an order number s. The lowest-order resonance (s = 1) for a particle of a given radius a and angular momentum n is the narrowest, has the largest coefficient (i.e., cn or dn) by far, and occurs when the Re(x) is smallest (i.e., for the longest wavelength). Higher-order resonances that occur at larger values of ka are progressively broader with decidedly smaller amplitudes. The ka values at which resonances occur are labeled by xn, , where n is the angular momentum, s is the order, and P is the polarization (E or M for TE or TM). Resonance positions are nearly peri-E*E/ Unlike resonances for an undamped harmonic oscillator, the frequency at which a given resonance occurs in Eqs. (8) has a small intrinsic imaginary part (i.e., r,,, > 0). This part is a consequence of the leakage of photons (i.e., scattering) out of the resonant mode (i.e., out of the particle). For this reason the resonances are termed virtual modes. In addition to this loss, photons are also lost by absorption within the particle. So the width of a resonance rn,sp= (f 0 ) MLP + (a)n,sP, where F is the intrinsic part and ra is the absorptive part. Although (F 0 /XP)ns is extremely sensitive to the angular momentum, the size, the refractive index, and the order of a given resonance, (a/Xp)ns is principally sensitive to absorption and may be approximated for a high-Q resonance by 2mi/m,. 8 Thus the Q of a resonance is
(P At resonance the square modulus of the associated coefficient takes on a Lorentzian spectral shape and can grow by orders of magnitude above all other coefficients. The internal field produced at such a resonance dominates the sum in Eq. (7), so that the internal energy density function at resonance may be approximated by a single term, which is Lorentzian spectrally and which has as its spatial part the square modulus of a vector spherical harmonic. Figure 1 shows, as an example, a calculation of the normalized internal energy density (E*E)/(Eo) 2 at a TM 3 9, 1 resonance for a particle with a refractive index of 1.5. The resonance occurs at an optical size X 39 , 1 M = 30.2210852 and has a width in optical size of 3.340 X 10-5; the Q of this resonance is 9 X 105. Note that the internal energy density within the particle is almost entirely localized near the edge and reaches as much as 150,000 times the intensity of the incident wave (near the forward and backward directions). In contrast, such a figure shown for a region off resonance would have no noticeable amplitude; the normalized energy density function in this case would not exceed 75. Thus, in light of our previous discussion, the availability of isolated high-Q resonances with a simple Lorentzian spectral shape makes a spherical particle a nearly ideal kernel for a microparticle hole-burning memory.
Now we are in a position to calculate the hole shape h(k) for a distribution of particles. We suppose for simplicity that only first-order resonances are of importance, and we concentrate on the region of the central hole (the hole centered at k = kU). Since the energy density within a particle may be considered to be due to separate Lorentzian modes, we write it as
where
The product of energy densities that occurs in the kernel for h(k) in relation (4), u(ka,r)u(kwa,r), contains four separate double sums. Since no two resonances occur at identical values of X, a cross sum between TM and TE modes cannot significantly overlap near the central hole (the hole centered at k = k). This is also the case for modes having different angular momenta. Therefore only product terms involving the same polarizations and angular momenta are necessary in building the central hole. With this understanding relations (10) and (4) can be combined to yield a shape for the central or primary hole:
We see from relation (11) that hp(k) is a sum of Lorentzians, all centered at k, from all particle sizes that can resonate at this wave vector. The primary hole results only from terms containing products of the same polarization. Each of the individual contributions is proportional to an internal field coefficient to the fourth power (e.g., C.
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4 ), and each has a width that is inversely proportional to the Q of the associated resonance; the individual contributions have widths in inverse proportion to the photon lifetime within the associated resonance. Intrin- sic photon lifetimes and internal field coefficients rapidly increase as the order number of the resonance decreases. As a consequence low-order resonances are most important in microparticle hole-burning spectroscopy. If the width of these resonances is controlled by absorption, then all Lorentzians in relation (11) will take on nearly the same width, and h(k) will have a width controlled by absorption. This limit is an important aspect of the model, as we shall see below in the interpretation of the experiments.
EXPERIMENTS
To test our basic idea, experiments were carried out on Nile-Red-dyed latex particles ((a) = 12.1 m, a = 2.2 m, concentration of 10-4 M) as in Ref. 1. However,  in these experiments the time of exposure was reduced by more than a factor of 2 to eliminate saturation effects. The particles were placed on a cover glass and irradiated on the stage of a fluorescence microscope with a tunable ring dye laser (linewidth -0.01 A). A micrograph of a local region of the slide is shown in Fig. 2 . As one can see, each particle was touching at least one of its neighbors. The excitation spectrum of the fluorescence from approximately 2000 particles in an area of 1 mm 2 is shown in Fig. 3(a) . After this scan at 0.4 mW for 10 min the laser wavelength was fixed at 572.5 nm, and the sample was irradiated for 5 min at 40 W/cm2. Figure 3(b) shows the resulting excitation spectrum taken under the same conditions as in Fig. 3(a) . The overall reduction in luminescence of the scan in Fig. 3 (b) in comparison with Fig. 3(a) is due to photolysis of the Nile Red dye. The hole in the spectrum in Fig. 3(b) at 572.5 nm is apparent. The oscillations in the fluorescence to the side of the hole in Fig. 3 are due both to optical artifacts in the measurement system and to interference effects associated with the glass cover slide. In order to eliminate the latter, experiments were carried out with the same particles on a polished aluminum surface at a somewhat reduced areal density. Figure 4 shows the result. The hole is once again apparent. A good deal of the noise in the spectrum arises from number fluctuations associated with the small sample size. Apparently the microparticle holeburning effect does not have a predominant surface sensitivity; the hole widths were similar on both surfaces. The width of holes produced in these particles was approximately 1 A, or -2 x 10-4 of the wavelength.
DISCUSSION
The linewidths of the holes in Figs. 3 and 4 are much broader than would be expected from the largest Q's measured on dielectric particles of sizes comparable with those used in the current experiment, 107.3 4 On this basis the hole width would be expected to be _10-3-10-4 A. The measured linewidth would be expected to be no smaller than .10-2 A based on the linewidth of our ring dye laser. The larger width in the microparticle holeburning spectra may result from a number of effects: A. Distortion of particle shape that is due to interaction with the substrate or to the dying process., 9 B. Interparticle interactions that are due to the close proximity of one particle to the next. 0 C. A broadening effect that is due to intraparticle absorption [relations (9) and (11) Computer-intensive self-consistent calculation of the normalized energy density E -E*/Eo 2 within a pair of particles in contact and irradiated perpendicular to the line joining their centers. The particle on the left is the same as that in Fig. 1 and is irradiated at the same ka value. The particle on the right is 0.9 of the radius of the particle on the left, and both are simultaneously irradiated.
Hypothesis A is unlikely because nearly the same line width was observed with the layer of particles on either glass or polished aluminum.
Hypothesis B has been tested through self-consistent computer-intensive calculations." In Fig. 5 we show the results of some of these calculations. As in Fig. 1 , a particle is irradiated at ka = 30.2210852; however in the case of Fig. 5 there is an adjacent particle (on the right) with 0.9 of the radius of the first and touching the first while both particles are irradiated perpendicular to the line joining their centers. As one can plainly see, no noticeable intensity enters the second particle. In fact no noticeable frequency shift is observed in the spectral dependence of the foward scattering. The only pronounced effect involves the magnitude of (E* E)/(Eo) 2 , which is reduced from 150,000 to 50,000. Our calculations for other smaller particles indicate less than a factor of 2 increase in spectral linewidth, and consequently hypothesis B cannot explain the factor-of-100 disparity. One possible explanation for the weak coupling between the two particles lies in the angular dependence of the energy function. Since vector spherical harmonics generally display large intensities in the forward and the backward regions and the smallest intensity toward the side, coupling to the evanescent fields that which surround the particle should where pa is the density of absorbers, um is the cross section for absorption, and c/n is the speed of light in a material of refractive index mr. 4 " 2 If this absorption dominates over leakage, then the width of a resonance divided by its frequency tr will be (c/mr)paom/cor. Since the width of a hole is related through a convolution to the width of a resonance, the ratio of the width of a hole to the frequency should be 2(c/n)PaOrm/Ar. From the molar extinction of Nile Red and the concentration of dye in our particles we calculate this ratio to be -1.5 X 10-, in good agreement with the measured value of -2 X 10-4 and two orders of magnitude above the lowest value that can be anticipated. It appears that hypothesis C provides a reasonable explanation for the measured hole widths.
SUMMARY, CONCLUSION, AND NEW DIRECTIONS
Our experiments show that one can trap photons in individual particles at resonance even though each of the particles touches at least one nearest neighbor. The existence of the hole provides an indication of this, and the correspondance of the measured linewidth with that predicted by our independent-particle model confirms this conclusion. Electrodynamic calculations for pairs of particles gives further support for the independent-particle model and suggests that the utility of the model in the future will be for cases in which particles are not stacked directly one on top of one another.
However, as long as particles that are in the geometric shadows of others are sufficiently spaced, their independent resonances return and the model may once again be applicable, although in a somewhat modified form to account for the shadowing. Our study has only scratched the surface of microparticle hole-burning spectroscopy from the standpoint of both experiments and theory. An increase in the areal density of particles for a given oa is expected to decrease number fluctuations and their corresponding spectral noise. In the presence of lower noise it is useful to ask about other features that can form to either side of the primary hole. Here the terms that were neglected in constructing relation (11) are of principal importance. For example, one of the terms that was neglected in h(k) was
X daI fn(r)fm(r)dr3. da (12) Although a term for which n $ m cannot produce a contribution at the central hole, k = k., a peak should be produced in the extended h(k) spectrum. If k = (XnE/XmE)kw an overlap of the Lorentzians will occur in Eq. (12 ticle whose nth TE mode resonates at k, finding such a peak provides a spectral means for identifying the size of a particle in the distribution. Those peaks that are displaced from the central hole are known as subsidiaries.' If size Xm+il/kw is also contained in the distribution, then one should also notice a peak at a somewhat different spectral position for this radius. In effect a minispectral distribution can be expected to form to the sides of the central hole. The width of this spectral display of individual subsidiary holes should enable one to obtain information concerning the standard deviation of the particle size distribution a. In addition to subsidiaries of the form (En, Em) there will also be those of the form (Mn, Mm), (En, Mm) , and (Mn, Em). Each of these peaks is expected to produce a satellite group of subsidiaries. Finding these subsidiaries will not only provide a diagnostic for characterizing particle size distributions but will also further test the independent-particle model; such a study is currently under way.
Clearly what are needed in the future are broadband experiments with smaller particles and experiments on collections of particles that go beyond two dimensions.
Note added in proof:
At the time that we wrote this paper we could explain our hole-burning experiments with the single-particle model. Indeed, we have since burned holes in single-particle spectra. However, after the paper was in publication we observed an angular dependence of the hole depth that is sharper than the individual-particle model would predict. It appears that mutiple-particle interactions may be more important than anticipated in the present paper. These effects are currently under study. 
